Introduction.
World has seen industrialization at an enormous pace in the past century. This accompanied with the tremendous growth of human population has escalated the energy demand at unprecedented levels. The traditional approach of burning fossil fuels to meet this thirst for energy has its own implications on the environment. 1, 2 Growing environmental concerns along with the declining fossil fuel reserves have provided the impetus to look for renewable sources of energy which are widely available and sustainable. 3, 4 High energy density metal-air batteries and fuel cells are advanced energy storage and conversion systems to meet the requirement of environmentally sustainable energy sources. [5] [6] [7] [8] Metal-air battery systems which have high energy like the Li-air battery is equivalent to gasoline in terms of practical energy density. The practical energy density from a gasoline engine with 12.5% conversion is 1700 Wh/Kg. In alkaline electrolytes theoretical specific energies for Li-air battery is reported to be 2,353 Wh/kg in the charged state and 1,905 Wh/kg in the discharged state. 9 Also the alkaline Zn-air battery has a theoretical energy density of more than three times than the widely used Li-ion battery. The specific details for some popular batteries are tabulated in Table 1 . However the commercialization of metal-air battery is largely impeded by the sluggish ORR at the cathode side along with stability and cost of these systems. Similarly the commercialization of alkaline fuel cells (AFCs) remains at large because of the safety issues, CO 2 sensitivity of electrolyte along with the exorbitant cost of Pt catalyst for the cathodic ORR. 10, 11 It is with the recent advancements in the field of nanocatalysts and anion exchange membranes that the anion exchange membrane fuel cells (AEMFCs) have reemerged as a possible alternate to PEMFCs. [12] [13] [14] The high cost and limited reserves of Pt metal is a major issue impeding commercialization of fuel cell technology for widespread use. The U.S. department of energy (DOE) has set a target price of 40 USD/KW for a model 80 KW fuel cell system by 2020. Nearly half of the cost of PEMFC stack arises from the Pt based electrocatalyst with long term stability still short of the DOE target of 40,000 hrs for stationary and 5000 hrs for mobile applications. 15, 16 Unlike the PEMFC that employ expensive platinum based catalysts for ORR at the cathode end of the cell, the alkaline fuel cells and alkaline metal-air battery systems offer the advantage of use of inexpensive Pt-free electrocatalysts for ORR. The stability of the metallic catalyst systems in terms of potential and pH is described by the pourbaix diagram. 17 The highly corrosive acidic conditions in low pH systems make the use of costly platinum group metals and alloys mandatory for the long term stability of PEMFC. Increasing the pH broadens the spectrum of metallic systems by allowing the use of non-platinum materials as catalysts for ORR. The most significant advantage of ORR under alkaline conditions are the faster kinetics and lower overpotentials, potentially allowing use of inexpensive, platinum free metal catalysts such as silver and its alloys, doped carbons , transition metal oxides including spinels and perovskites and transition metal macromolecules like metal phthalocyanines for the reduction reaction at the cathode. [18] [19] [20] [21] [22] [23] The shift of pH from 0 to 14 improves the ORR kinetics by decreasing the adsorption strength of anion species. 24 Surface independent electron transfers processes are active in alkaline media resulting in the more facile kinetics of ORR. 25 Silver and its alloys are much more stable and highly active for ORR in the alkaline conditions. The price of silver being more than 50 times less than platinum makes it an attractive low cost alternative. Improvement of the electrocatalytic activity of silver by nanoalloying has been of great significance for the realization of economically viable metal-air batteries and alkaline fuel cells. In order to improve activity and stability, various binary and ternary silver nanoalloys have been proposed as one of the efficient electrocatalysts for ORR in alkaline fuel cells and batteries. Nanoalloys are nanoscale (upto 100 nm in size) alloys of two or more metals. These nanocatalysts have the advantage of extremely high surface area due to tiny particle size accompanied with the possibility of synergistic effects from the constituent elements. [26] [27] [28] A wide variety of compositions and atomistic arrangements are possible including core-shell, multilayer, janus, thin films, amorphous and ordereddisordered nanoalloy systems ( Figure 1) . [29] [30] [31] The rational design of these nanocatalysts based on a combination of first principle simulations and experimental techniques has played an important role in developing highly active Pt-based and Pt-free catalysts for ORR in fuel cells and metal-air batteries. The computational knowledge has enabled a better understanding of the mechanism of ORR in energy conversion and storage processes. Based on the calculations on different adsorbates i.e. reaction intermediates on a catalyst surface, rate limiting steps for catalysts have been identified. [32] [33] [34] Elements such as Ag and Cu which are weak ORR catalysts individually have been found to be active toward ORR in alkaline conditions when alloyed at nanoscale. 35, 36 Ag has a weak binding for ORR intermediates while Cu has a too strong binding for ORR intermediate such as O, OH and OOH. 32, 34, 37 Nanoalloying of the Ag-Cu promotes the binding of the ORR intermediates to an optimum level which promotes the Ag-Cu nanoalloy catalytic activity. Another striking example is of Ag skin on Au core. 38 Gold is a poor ORR catalyst like Ag for ORR due to it weak binding of ORR intermediates but a monolayer of Ag on Au has been identified by DFT calculations as an active alloy for ORR. This promotion is attributed to the enhanced surface reactivity of Ag skin on Au core nanocatalyst. In the recent years a number of innovative structures and compositions have been identified as candidate catalysts for ORR. [39] [40] [41] [42] Significant progress in comprehension of the reaction mechanisms during the ORR on the surface of nanoalloy catalysts and understanding of how the thermodynamics and kinetics of ORR are affected by the alloying of elements at the nanoscale has been achieved by the computational assisted experimental research in recent years. [43] [44] [45] This review encompasses the recent advances in the field of Pt-free silver nanoalloy catalysts for ORR in alkaline media. We will briefly describe the mechanism of ORR in alkaline media along with the identification of reaction pathways on the surface of the nanocatalyst. This will be followed by a detailed discussion on the silver based nanoalloy catalysts. The effect of composition and structure of the nanocatalyst on its activity and stability during ORR will be reviewed. Moreover, different mechanisms such as ligand, geometric and ensemble effect, playing role in these nanoalloys will be also described. Finally the review will concluded with possible directions for future research work in the field of Pt-free nanoalloy catalyst for ORR in the alkaline media. 
ORR mechanism in alkaline media.
Electrocatalytic reduction of oxygen in alkaline electrolytes involves the transfer of 4 electrons to molecular oxygen resulting in the formation of 4 hydroxyls as stated in equation 1 for pH 14 . [46] [47] [48] ORR is affected by the formation and stability of these intermediates on the surface of the catalyst which in turn regulate the activity of the catalyst. 32, 34, 49, 50 ORR accompanied by the formation of peroxide is undesirable and limits the efficiency of the catalyst. It is highly desirable that the reduction takes place with the complete transfer of 4 electrons to the oxygen molecule. Owing to the limited solubility of oxygen in aqueous solutions i.e. ~ 1.26 x 10-3 mol/L, techniques based on convective transport of reactants in the solution such as the Rotating Disk Electrode (RDE) and Rotating Ring Disk Electrode (RRDE) are employed to identify the electron transfer mechanism and the associated formation of intermediates. [51] [52] [53] [54] [55] The selectivity of 4e -or 2e -pathway is estimated via Koutecky Levich equation.
Where j k is the kinetic current density and j d is the diffusion limiting current density. Also, = (6a) And = 0.62
(6b) Here ω is the angular velocity, n is transferred electron number, F is the Faraday constant, C o is the bulk concentration of O 2 , D o is the diffusion coefficient of O 2 in electrolyte, v is the kinematic viscosity of the electrolyte, and k is the electron-transfer rate constant. Fraction of peroxide formation is recorded by the ring electrode of the RRDE and accompanied electron transfer number is calculated as:
Where I D is the disk current, I R is the ring current, and N is the collection efficiency. As it is not possible to distinguish the current due to direct 4 electron transfer and by series 4 electron transfer in RRDE, it is quite common that the term pseudo-4 electron pathway is used by the researchers. The mechanism of ORR has been investigated on Pt and its alloys by X-ray absorption and spectroscopic studies. Previous works by Damjanovic and others report that the rate determining step for metals like Pt and Ag is the 1st electron transfer with or without protonation.
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The potential for this reaction does not change in changing pH from 0 to 13 on Ag(111) surface. 56, 59, 60 This pH independence causes a decrease in overpotential ɳ for reaction (9) from 1.53 V at pH 0 to 0.7 V at pH 14. 25, 61 The decrease of ɳ with pH is one the main reasons permitting the use of a variety of Ptfree catalysts for ORR in alkaline media. Following the first electron transfer, ORR can take place by direct OH -formation or by HO 2 -intermediate. The kinetics of ORR is revealed by the Tafel plot of ORR on catalyst surface. Two distinctive regions are observed on the basis of overpotential on Pt. In the low over potential regime marked with a Tafel slope of -60 mV/dec there is a pH dependence of -30 mV/pH unit whereas the high overpotential region has a Tafel slope of -120 mV/dec with no dependence on pH. [62] [63] [64] [65] The Tafel slope of -2.3RT/F (-60 mV/dec) obtained in the low overpotential region follows the Temkin adsorption isotherm because of the intermediate oxide coverage arising from ORR reaction intermediates. In the high overpotential region marked with the Tafel slope of -2 x 2.3RT/F (-120 mV/dec), adsorption is governed by the Langmuir isotherm as significant oxide coverage ceases to exist at these potentials. [66] [67] [68] The adsorbed OH species on Pt surfaces that impede O 2 adsorption arise mostly from water activation whereas the ORR reaction intermediates typically exhibit lower coverage values compared to water activation products. 69 In the entire pH range and current density region the reaction order with respect to molecular O 2 is unity. These observations, along with the first-order dependence on O 2 partial pressure, are in agreement with the proposed first electron transfer to adsorbed O 2 to form superoxide anion as the rate-limiting step. 22, 57, 62, 65, 66, 68 A detailed reaction scheme on Pt-metal surfaces involving the formation of both Peroxide and OH is proposed by Azdic et al. for alkaline electrolytes. 70 Like Pt, ORR on Ag surface in alkaline medium takes place with pseudo 4e -transfer. Reaction order is one and the Tafel plots are also marked with great similarity with 2 distinct slope regions (Figure 2) . 20, 56, 61, [71] [72] [73] [74] [75] Experimental data supports the notion of similar reaction mechanism to that of Pt. However, unlike Pt which shows strong pH dependence at low overpotential, ORR on Ag shows no dependence on the pH. Based on this nonconformance, Sepa et al. suggested a different mechanism in which the rate-limiting step is a chemical step after the 1st electron transfer for the low overpotential but the same step as Pt, i.e. 1st electron transfer for the high overpotential. 56 An alternate view was put forward by Yeager et al. who suggested that oxygen reduction on Pt surfaces involves dissociative chemisorption of oxygen molecule including the initial adsorption of O 2 with or without an electron transfer as the rate determining step. 76 In gas phase studies there are several evidence of 6 dissociative chemisorption of molecular O 2 . On the other hand in electrochemical conditions where solvation effects and adsorbed species are present, adsorption of molecular O 2 is likely to be weakened. 
Facet Effect
Blizanac et al. investigated the structural sensitivity of silver towards ORR by using RRDE. 71 The activity towards ORR increases in the order (110)>(111)>(100) at the same temperature and overpotential. Activation energies for the ORR on each of these facets were estimated at three different overpotential from three different temperatures using the Arrhenius plots. At all the overpotentials the activation energy for ORR was found to be maximum for (100) plane and minimum for the (110) plane. The different activity of these surfaces can be explained in terms of a balance between the adsorption strengths of OH and O 2 on these facets. Ag(110) has the highest attraction for OH, and should therefore show suppressed ORR activity due to higher OH coverage but also because of the relatively high affinity of Ag (110) for O 2 it leads to a higher ORR activity. On the other hand the effects of the lower affinities of OH and O 2 for adsorption on Ag(100) was established to result in lower ORR activity on this surface. The observation that the facet with the highest affinity for OH has the highest ORR activity may be explained by noting that the surface OH coverage remains fairly low as compared with the OH coverage on Pt on all three Ag surfaces. The major difference in OH adsorption on Ag(hkl) and Pt(hkl) surfaces is that whereas the OH adsorbed layer on Ag(hkl) is reversible, on Pt(hkl) the reversible adsorption is followed by an irreversible adsorption of OH. 77 As a result of this reversible/irreversible transition the hysteresis found in Pt(hkl) in the current between the anodic and cathodic sweeps is not observed on Ag(hkl). The reversible voltammetric features as well as the lack of hysteresis in the ORR currents on Ag(hkl) manifests the weaker adsorption of OH on Ag as compared to Pt. The affinity of Ag for oxygen was found to be good enough to break the O-O bond and lead to four-electron oxygen reduction reaction. Silver nanodecahedra and nanocubes were explored for the effect of facet on ORR by using a combination of computational and experimental approach by Wang et al. 78 Nanodecahedra were surrounded by ten Ag (111) facets, while nanocubes were surrounded by six Ag (100) facets. Koutecky Levich plots revealed the electron transfer number of 3.8 for the nanodecahedra while 3.1 and 3.7 for nanocubes. 4 electron transfer for ORR on decahedra was proposed while the 2 electron path was dominant for the nanocubes with the (100) facet. This difference of activity was attributed to the different adsorption behavior of OH* intermediate on the two type of facets. Using DFT it was found that higher adsorption energy of OH* on Ag(100) lead to fewer available sites for the O 2 and OOH* which hindered the ORR kinetics.
pH Effect
The effect of pH on the ORR mechanism was investigated on Ag(111) by performing RRDE in 0.1 M KOH and 0.1 M HClO 4 . 61 In acidic environment 2 electron mechanism was dominant at lower overpotential followed by a combined 2e -and 4e -at higher overpotential. The changes of acidic to alkaline media lower the overpotential by 400 mV. ORR Proceed by 4 electron transfer with negligible peroxide production. The Tafel plot in alkaline electrolyte revealed 2 distinct regions marked with slope of -85 mV/dec at low overpotential and other with a slope of -125 mV/dec at higher overpotential. This supports the notion of a similar reaction mechanism to Pt for the silver surface in alkaline condition. However on Pt surface 4 electron transfer path was dominant in both strong alkali and acid. 22, 65, 79, 80 
Outer Helmholtz Plane Effect
Mukerjee et al. have proposed the outer sphere electron transfer mechanism to be dominant for nonnoble metals in alkaline media. 81 The origin of this proposition lies in the change of the double layer structure at electrode electrolyte interface with the increase of pH ( Figure 3 ). The decrease of overpotential for the first electron transfer as in Equation (9) implies that the strong chemisorption of O 2 is not necessary and long range dipole-dipole interaction could be sufficient to overcome the potential for this reaction. The electron transfer takes place by the interaction of adsorbed OH in the inner sphere at the electrode surface and the hydrated oxygen i.e. O 2 .nH 2 O in the outer sphere. This interaction is also present in acids but the barrier for the electron transfer is high enough to prevent the transfer through this mechanism. In alkaline media however this interaction leads to formation of HO 2 -which desorbs into the electrolyte. The reaction steps for the adsorbed OH at metal with solvated molecular oxygen cluster are described by equations (10) (11) (12) (13) (14) :
The surface independent nature of M-OH interaction with solvated O 2 in the Outer Helmholtz Plane (OHP) leads to the availability of variety of metals for ORR in alkaline media. On noble metal such as Pt both inner Helmholtz Plane (IHP) and OHP mechanisms are likely to occur depending upon the oxide coverage. Molecular dynamics simulations have confirmed the effect of adsorbed OH -in impeding the ORR kinetics. 82 Pt(100) surface was calculated to have the maximum density of hydrogen bonding and the most compact bonding network. A potential barrier for O 2 migration was found between the first and second adsorption layers on the potential of mean force (PMF) curves on all three low index surfaces. The potential barriers on the (111) and (100) surfaces were 2.6 and 3.4 kcal/mol in water and 2.9 and 3.8 kcal/mol in alkaline media. A higher number of hydrogen bonds were generated by OH − ions and H 2 O molecules on (100) in alkaline medium which increased the compactness of the H 2 O layer covering the interface. This hindered the adsorption of molecular O 2 on the surface required for 4e -transfer. For the non-noble metals which develop an oxide film on immersion in aqueous media, OHP mechanism was most likely to occur as manifested by a large ring current during RRDE analysis. This however leads to ORR by inefficient 2 electron transfer and in order to increase the faradaic efficiency it is vital to promote the IHP electron transfer mechanism at the surface of the catalyst. 
Particle Size Effect
The catalytic activity of Ag increases with decreasing particle size. Li et al. synthesized Ag/C with a size distribution of 2-9 nm. 84 Average particle size was 5.4 nm. The activity for ORR of these nanoparticles (NPs) was compared with commercially available silver nanoparticles with an average size of 27.4 nm. Anion exchange membrane cell made from these two different cathodes revealed a superior activity in terms of higher power density and lower cathode overvoltage for the nanoparticles with average size of 5.4 nm. The same group deposited these nanoparticles on Vulcan XC-72 and performed RRDE and Cyclic voltammetry (CV) to identify the ORR mechanism. 20 The calculated value of n for Ag/ XC-72 and Pt/C were 3.94 and 3.91 respectively. A comparison of the Tafel plots of Ag/XC-72 with Pt/C revealed 2 distinct regions. A slope of 50.4 mV/dec and 46 mV/dec in the low overpotential region for Ag/XC-72 and Pt/C respectively followed by a Tafel slope of 125.4 and 128.5 mV/decade in the high overpotential region is obtained for Ag/XC-72 and Pt/C ( Figure 2 ). The similar Tafel plots marks a similar mechanism of ORR on these catalysts. A similar comparison of nanoparticles with polycrystalline (PC) silver for ORR was carried by Singh and Buttry. 85 Ag NPs with an average diameter of 4.5 nm were compared with polycrystalline Ag by CV and RDE in 0.1 M NaOH. Analysis of Koutecky−Levich (K−L) plots reveal an electron transfer number from 3-4 for the two catalysts with the higher numbers for the Ag NPs. The lower n number for the bulk Ag was attributed to the more defective surface which leads to stronger adsorption of hydroxyl intermediate which impeded the ORR kinetics. A similar size effect on activity was determined by Lu and Chen on Ag nanoclusters. 86 Both the 0.7 nm and the 3.3 nm Ag clusters were deposited onto glassy carbon electrode and characterized for 9 ORR by CV. Smaller nanocluster showed superior ORR because of a 150 mV positive onset potential and a five times higher current density as compared to the larger counterpart. However, Li et al. reported a 4 electron pathway on the larger 174 nm Ag NPs while a 2 electron transfer path to be prevailing on the 4.1 nm size NPs. 21 
Morphology Effect
Morphology of the silver nanoparticles has a pronounced effect on the ORR mechanism. Ohyama et al. investigated reaction mechanism on three distinct NPs shapes such as smooth, worm like with oxidized surface and angular particles with surface Ag 2 CO 3 . 87 The ORR proceeded with an exchange electron number of 3.8, 3.6 and 3.5 respectively. However the current density based on electrochemical surface area was lower for smooth particles as compared to the particles with a defective surface. Ohyama et al. attributed this to the stronger binding of ORR intermediated on the surface of irregular shape particles as compared to the smoother particles. Wang et al. synthesized nanoparticles, nanowires and nanobelts by redox reaction of silver acetate and o-anisidine(OA) .
88 Nanobelts were found to be superior as ORR catalyst based on CV and RDE measurements. The electron exchange number for the nanobelts was calculated to be 3.82 showing a 4 electron dominant pathway. Lee et al. synthesized Ag nanosheets onto Ti/TiO 2 by electrodeposition and studied their ORR behavior. 89 Nanosheets revealed a larger electrochemical specific area and mass activities as compared to the Ag NPs. Moreover the Tafel plots revealed 2 distinct slopes -60 mV/dec and -120 mV/dec at low and high overpotential respectively. The electron exchange number from RDE tests was found to be 3.97. All this supporting a 4 electrons transfer path. One dimensional silver rods were synthesized and characterized by Chen et al. 90 The Ag nanorods with the ligand-free surface revealed better oxygen reduction characteristics based on CV and RDE studies. The nanorods with surface polyvinylpyrrolidone (PVP) were marked with two plateaus due to peroxide formation while the PVP-free nanorods had a single plateau in their rotating disc polarization plots. Similar one dimensional structure such as silver nanowires was also found to be active and stable towards ORR in alkaline media. 91 
Alloying Effect
The mechanism of ORR on a catalyst surface is significantly affected by alloying. X-ray absorption near-edge spectroscopy (XANES) and Extended X-ray absorption fine structure (EXAFS) measurements indicate that alloying Pt with metals such as Cr, Co, and Ni take away the charge from Pt and lead to reduced adsorption strength. 92 As a result the coverage by OH from water activation decreases which results in increase in the number of free sites for O 2 adsorption. Furthermore, the weaker adsorption on Pt in the Pt alloys implies a quicker reduction of the oxygenated intermediates during the ORR. The enhanced ORR of Pt 3 M (M=Ni, Co) was explained as a result of the enhanced dband vacancy. Norkosov et al. put forward a comprehensive theory, i.e., d-band center, in determining the catalytic activity of metal surfaces, the strength of adsorption of a catalyst was related to its d-band center. 93 The catalytic activity of alloys can be tuned by the adjustment of their d-band centers. This proposition of relationship of activity of a catalyst with its d-band center has been confirmed in both platinum and non-platinum alloys. [94] [95] [96] [97] [98] [99] [100] Lima et al. found that the platinum group metal (PGM) along with Ag displayed a volcano-type relationship between the alkaline ORR activity and the d-band center. 101 The volcano relationship and the similar Tafel behavior, reveals the similar mechanism of oxygen reduction on these metals. On surfaces with low-energy d-band centers such as Ag, adsorption of oxygen is relatively weak, leading to poor O 2 bond scission. On the other hand surfaces with highenergy d-band centers can readily break O 2 bonds, but results in forming strongly bound O and OH species. Pt and Pd, having intermediate adsorption characteristics, therefore have the highest ORR activity of the Pt-group metals. It is widely regarded that a 0.1 eV decrease in oxygen binding of Pt will lead to the optimum ORR characteristics by DFT and experiment. 32, 42, 102 On the other hand ORR on silver is sluggish because of its too weak binding with ORR intermediates. To develop active and stable electrocatalysts for ORR a myriad of multi-metallic alloy compositions have been proposed in a variety of structures such as core-shell, skin alloys, thin films, ordered intermetallic and solid solutions. Skin alloys have been widely popular because of their superior activity as compared to the bulk alloys with minimum loading of precious metal which imparts both activity and stability. The enhancement in the activity of these skin alloys is attributed to the geometric and ligand effect of the subsurface atoms on the skin. Subsurface monolayer has also been reported to improve the ORR performance of the silver based alloys. 103 The subsurface transition metal layer has been observed to modulate the surface electronic structure in a manner which improves the ORR kinetics in near surface alloys of silver. The dband center of the surface in skin alloys is altered by the underlying core because of geometric and ligand phenomenon. The geometric effect can be understood in terms of increase orbital overlap if the skin is in compression. This increase orbital overlap lowers the d-band center and consequently decreases the adsorption energy of adsorbates on the surface of the catalyst. [104] [105] [106] The tension in the skin will lead to the opposite i.e. decreased overlap and raised d-band center. The ligand effect results because of the difference in electronegativity of the skin and core. 107, 108 Electrons can migrate towards or away from the skin depending of the electronegativity difference and as a result, occupancy of the local d-band can be varied with the associated change in the adsorption strength of adsorbates. Bard et al. proposed guidelines for the design of multimetallic systems for ORR. 109 The model employs the mechanism in which one of the constituent metals easily breaks the O=O bond and the second metals reduces the M-O formed. Based on thermodynamic guidelines a variety of compositions were identified and evaluated by scanning electrochemical microscopy (SECM). Addition of 10-30% of Co to M (M= Ag, Pd and Au) was found to improve the catalytic activity for ORR of these alloys.
Support Effect
Catalyst support plays a crucial role in stability and functionality of catalyst during ORR. Stability is imparted to the catalyst by avoiding nanoparticle agglomeration under fuel cell operating conditions. 110 Catalyst support such as carbon black allows gas diffusion to the active sites along with electronic conductivity which permits electron transfer from catalytic sites to the conductive electrodes. The dispersion of catalyst particles on a carbon support maximizes the contact area between catalyst and reagents. ORR occurs only at those sites where the three phases i.e. reactant-electrolyte-catalyst meet. This is because of the fact that the solubility and diffusivities of oxygen in aqueous electrolytes is low. Porous gas diffusion electrodes are employed in the aqueous Zn-air battery to optimize the three phase contact and sustain high current density. [111] [112] [113] Silver nanoparticles on graphene oxide (GO) and graphene oxide/carbon were developed to investigate their ORR performance in alkaline environment. 114 The composites were facialy synthesized by the reduction of AgNO 3 with graphene oxide with or without the presence of Vulcan XC-72 carbon black. The average particle size of Ag/GO/C composites (ca d = 12.9 nm) was found to be almost twice of Ag/GO composite (ca d = 6.9 nm). The nanocatalysts were electrochemically characterized which revealed the superior performance of Ag/GO/C for ORR as compared to Ag/GO. RDE analysis revealed that the onset potential and the half wave potential shift positively for Ag/GO/C as compared to Ag/GO. This enhancement in ORR performance was attributed to the 3D composite support which not only improves the electrical conductivity but also facilitated the mass transport in the catalyst layer. A similar beneficial effect of catalyst support was observed in the case of Ag/Mn 3 O 4 /C catalysts (Figure 4) . 98 The catalyst performance for ORR in alkaline media was found to be superior to the simple Ag/C catalyst. This improvement was ascribed to the Mn 3 O 4 support which perturbed the electronic structure of the silver particles. Charge was transferred to Mn 3 3 Silver Nanoalloys.
Ag-Cu Nanoalloys
The Ag-Cu system is an interesting system because of the fact that silver and copper are immiscible in the bulk, but possibly miscible in the nanoscale. In the nanometer size range the system preferentially adopts the Ag shell Cu core arrangement. 120, 121 Theoretical studies performed on the Ag y-x -Cu x nanoalloy system have been performed for all compositions of 13, 34, 38 and 98 atoms Ag-Cu nanoalloy clusters. These studies showed that the most stable structures are generally core-shell polyicosahedra for x= 1, 7 and 6 and y= 13, 34 and 38 having a Cu core embedded in a Ag shell. 121, 122 The stability of polyicosahedra core-shell geometry originates from the interplay of size mismatch, bond order-bond length correlation, and the tendency for surface segregation of Ag, due to the lower surface energy of Ag compared to Cu. 123 Ag-Cu nanoalloy clusters have revealed improved ORR activity as compared to pure Ag and Cu. 35, 36, 124, 125 Ma et al. performed first principle calculations for the ORR process in alkaline media on the 13 atom pure Ag and Cu doped Ag clusters. 124 13 atom Ag-Cu nanoalloy clusters have been previously identified as a potential catalyst for ORR. 35 Pure Ag 13 and Ag 12 Cu surface clusters with cuboctahedron (COh) symmetry were used for these calculations. The doping of copper significantly improves the ORR process. The ORR reaction was observed to occur by the efficient four electron transfer mechanism. Doping of silver with copper atom on the surface improves the binding of the intermediates such as O, OH, and OOH on the nanoalloy cluster. This optimum binding is critical for the efficient ORR. The stronger binding of the intermediates on Ag 12 Cu cluster compared to pure Ag is the reason behind the better ORR performance of Ag 12 Cu cluster. The Ag 38-x Cu x cluster has been studied for the ORR by Lee et al. 36, 126, 127 Truncated Octahedron (TO) Ag 32 Cu 6 alloy cluster was observed to perform as a better catalyst for ORR as compared to the TO Ag 32 Cu 6 core-shell clusters. However, Zhang et al. reported that the stability of polyicosahedron (PIh) Ag 32 Cu 6 core-shell structure exceeds that of TO Ag 32 Cu 6 core-shell by 0.564 eV and Truncated Octahedron (TO) was the most stable geometry for the pure Ag 38 and Cu 38 clusters. 125 The polyicosahedron (PIh) Ag 32 Cu 6 core-shell structure was further investigated for the ORR. ORR was found to proceed by the dissociation mechanism as compared to the associative mechanism by 0.1 eV. Hence dissociative ORR mechanism involving the scission of molecular oxygen to atomic form i.e. 2 → + O O O was considered for the computational analysis. Four active sites were identified on the Ag 32 Cu 6 core-shell structure as B1 to B4. The ORR was then followed with the bond fracture and subsequent adsorption of atomic oxygen at hollow sites marked H1, H2 and H3 ( Figure  5A ). In order to explain further that B2 site is most favorable to display a good catalytic behavior, the electronic structure of these four adsorption configurations was addressed and the position of the d-band center relative to the Fermi energy for these different sites was calculated ( Figure 5B ). The d-band center of B2 site is -3.395 eV, which is closest to the Fermi Level. By having the dband center closest to the Fermi level as compared to the other adsorption sites on the polyicosahedron (pIh) Ag 32 Cu 6 coreshell structure, B2 site is the most conducive for ORR as it enhances the otherwise weak affinity of silver alloys for the reaction intermediates. Frontier orbital theory describes that the states of a metal which are involved in electron transfer with the adsorbates are ones which are closest to the Fermi Level. 128 Therefore, the density of states (DOS) at the Fermi level is an indicator of the chemical activity. We notice that the density of states at the Fermi energy level is maximal for B2 site. This further endorses the superior activity of the B2 site for the ORR on Ag 32 Cu 6 core-shell nanoalloy. Ag-Cu nanoalloy catalysts have also been developed by physical laser deposition (PLD) method in a vacuum chamber. 129, 130 The target of Ag-Cu alloy with atomic ratio of 50:50 was irradiated with a nanosecond Q-switched neodymium-doped yttrium aluminium garnet (Nd:YAG) laser beam. The asprepared product is Ag 50 Cu 50 catalyst. Figure 6 shows series of transmission electron microscopy (TEM) analysis on Ag 50 Cu 50 catalyst. Plenty of nanoparticles are distributed in a continuous film. The tiny nanoparticles with size under 5 nm dominate the film. Magnifying the blue rectangle area, the obtained High resolution transmission electron microscopy (HRTEM) is shown ( Figure 6B ) in which it can be seen that they display two different states: few are amorphous and some with crystallized state. High-Angle Annular Dark Field (HAADF) images display that contrast of the particles is brighter than gap area between particles, demonstrating a higher atomic number Z for nanoparticles ( Figure 6C ). The lower Z corresponding gap area then is attributed from Cu element. This is because Z=29 of Cu is smaller than Ag (Z = 47). Combining the amorphous state in gap area observed, we can draw that Ag 50 Cu 50 catalyst actually is Ag-Cu alloyed nanoparticles embedded in amorphous Cu film ( Figure 6B) . Figure 6E shows a set of RDE curves with rotation rates of 400, 800, 1,200, and 1,600 rpm in 0.1 M KOH. The Koutecky-Levich plots were then obtained from the limiting current density (Figure 6E  inset) . The plots show the inverse current density J −1 as a function of ω -1/2
. From these plots the number of electrons transferred during ORR was found to be 3.76, 3.87, 3.85, and 3.97 when the potential was 0.5, 0.4, 0.3, and 0.2 V, respectively. Hence four electrons route was found to be the dominant for ORR in case of synthesized Ag 50 Cu 50 catalyst. Figure 6F gives a comparison of the performance of Ag, Ag 50 Cu 50 and Pt/C(20 wt%). Very recently a highly active and stable Ag-Cu metallic glass deposited by PLD on Ni-foam for ORR has been reported. 131 The half wave potential of this Ag-Cu system was found to be improved to 0.78 V from 0.67 V vs. RHE by in-situ dealloying treatment in N 2 -saturated 0.1 M KOH. Dealloying treatment of Ag-Cu lead to an increase in the number of active sites for ORR in alkaline media which rendered this carbon free binder free system half wave potential comparable to commercial Pt/C.(0.81 V vs. RHE @ 1600 rpm in 0.1 M KOH) Ag-Cu catalysts have also been synthesized directly on Ni foams by galvanic displacement reaction. 132 In this method, the catalysts were directly grown on Ni foams, thereby freeing the catalytic layer from carbon and binder. The driving mechanism to grow the various catalysts by galvanic displacement is the large difference of the redox potentials of Ni . RDE measurements were performed on the catalysts made by galvanic displacement and comparison was made with pure silver. AgCu-10 nanoalloy performed efficiently as compared to the pure silver particles in terms of both onset potential and the limiting current. The koutecky-Levich plots revealed the 4 electron transfer mechanism during the ORR. The rechargeable zinc-air battery made with the AgCu-10 nanoalloy show high cycling stability at the long cycle period. The increasing of charge and discharge potentials difference from the first to tenth cycle was observed as little as 0.06 V, which is comparable to the tri-electrode rechargeable zinc-air battery. 133 Ag-Cu catalysts were also synthesized by the electro-deposition method under a potential of −0.4 V for a period of 50 s by using the conventional three-electrode cell system. 134 The nanoplatelets produced had diameters of 40-50 nm. The lattice spacing obtained from the HRTEM image was 0.239 nm. The particle demonstrated a single crystal pattern in the selected area electron diffraction (SAED) ， indicating Ag-Cu catalysts grew larger by the oriented attachment from small Ag-Cu nanoparticles. The cell constant of the single crystal was 0.3986 nm, which is between the standard cell parameter of FCCAg (a = 0.4086 nm) and FCC-Cu (a = 0.3615 nm), suggesting that the Cu atoms were partially alloyed with the Ag atoms. To study the catalysis kinetics of Ag-Cu catalyst for ORR, RDE experiment was performed in O 2 -saturated 0.1 M KOH solution. The number (n) of electrons transferred on the Ag-Cu catalyst during ORR was determined by the Koutecky-Levich plots. The result indicated that the ORR was catalyzed by the Ag-Cu catalyst through a four-electron pathway.
Alkaline Fuel cells and metal-air batteries are prone to the carbonation of electrolyte which arises from the reaction of CO 2 in air with electrolyte. Carbonation reduces the electrolytes conductivity and can choke pores of the air electrode as well. However, Ag-Cu nanocatalyst exhibits a good tolerance towards CO 2 . CO 2 tolerance of the primary Zn-air battery made from Ag-Cu nanocatalyst electro-deposited on Ni-foam was monitored by adding different amounts of K 2 CO 3 to the KOH electrolyte. 134 Addition of 0.5 M K 2 CO 3 in 6 M KOH lead to a slight decrease of 3.8% in the maximum power density along with a small 0.68% decrease in discharge voltage at 20 mA/cm 2 . Further raising the concentration of K 2 CO 3 in 6 M KOH to 1 M, the discharge voltage was observed to be 97.5% of the K 2 CO 3 free solution. These results demonstrate the tolerance of electrodeposited Ag-Cu nanoalloy based primary Zn-air battery towards CO 2 . The problem of CO 2 poisoning of AFCs and metal-air batteries can be further addressed by its flow management. CO 2 from the ambient air can be filtered by the use of Scrubbers made of soda lime or amines such as monoethanolamine. 135, 136 It is reported that a kilogram of soda lime can clean 1000 m 3 of air, taking the CO 2 level from 0.03% to 0.001%. 137 Moreover techniques such as replacing the electrolyte periodically and operating the fuel cells at slightly higher temperatures o C) are also reported for the control of CO 2 poisoning. 
Ag-Pd Nanoalloys
Silver and palladium are fully miscible in the bulk forming no ordered phases. 139 However chemical reduction of mixed solutions of Ag and Pd salts lead to formation of core-shell nanoalloys. Ag shell Pd core and Ag core Pd shell nanoparticles have been produced by underpotential deposition (UPD) of Ag adatoms onto Pd and by galvanic displacement method. 140, 141 Pd coated silver nanoalloy was synthesized by galvanic displacement reaction by Jiang et al. 142 Catalytic performance of Pd@Ag/C alloy was compared with commercial Pt/C (20 wt.% Pt). Pd@Ag/C showed a 3 and 2.5 times superior specific and mass activity respectively as compared to the Pt/C catalyst. From the comparison of the Tafel plots a similar reaction mechanism was found on both Pd@Ag/C and commercial Pt/C catalyst. First electron transfer was found to be the rate determining step in the low over potential region. Pd@Ag/C tolerance towards ethanol oxidation reaction (EOR) was monitored by performing rotating disc voltammetry in a 0.1 M NaOH+0.01 M ethanol solution. Pd@Ag/C revealed selectivity towards ORR while EOR was observed on commercial Pt/C catalyst. Ag core Pd shell nanoalloy particles were developed on 1-D multi walled carbon nanotube (Ag@Pd/MWNT) by galvanic displacement of silver. 143 Ag@Pd/MWNT nanoparticles with an average particle size of 7.5 nm were produced. Average number of electrons transferred during ORR in 1 M KOH was found to be ~3 for this nanocatalyst. This implies both 2e -and 4e -pathways to be active during oxygen reduction on Ag@Pd/MWNT. Ag@Pd/MWNT showed current density of -5.6 mA/cm 2 at -0.4 V vs. Hg/HgO compared to -3.13 mA/cm 2 for Ag/MWNT. The core-shell ensemble imparted superior activity to the Ag@Pd/MWNT. Moreover unlike Pt/C, Ag@Pd/MWNT was found to be tolerant to ethanol and methanol and hence a prime candidate as a catalyst for the direct alcohol fuel cells. Ag-rich AgPd nanoalloy particles with crystalline morphology were synthesized by simultaneous thermolysis of organometallic precursors. 144 Ag 9 Pd particles were uniformly alloyed with a particle size of 5.3 nm ( Figure 7A ). The monodisperse particle size was attributed to the similar reduction rates of the metal precursors. X-ray diffraction (XRD) peak for {111} planes is located between both pure Pd and Ag showing the alloying with 10 mol% Pd ( Figure 7B ). The lack of additional peak shoulders suggests that the particles are composed of a single alloy phase, Ag 9 Pd. This notion is further confirmed by the scanning transmission electron microscope (STEM) energy dispersive X-ray spectroscopy line scan which shows good intermixing of Ag and Pd in nanoalloy ( Figure 7 , C and D). ORR analysis via RDE and CV revealed a 4 electron transfer pathway for the Ag 9 Pd/Vulcan XC-72 nanoalloy catalyst ( Figure 7E ). The activity enhancement was found to be non-linear with maximum boost for the Ag 4 Pd and Ag 9 Pd nanoalloys. The synergy effect due to the Ag and Pd in the AgPd nanoalloy resulted in a Pd mass normalized activity of 4.7 times over the commercial Pd/Vulcan XC-72 and up to 3.2 times over the linear combination of mass activities for pure Ag and Pd ( Figure 7F) . By the addition of 10 mol% Pd in Ag the onset potential for the Ag 9 Pd nanoalloy shifted positively by nearly 100 mV. The ligand effect due to the d-band modification of AgPd nanoalloy was found to play a minimal role in this enhancement of activity. Rather an ensemble effect similar to one proposed by Bard et al. was reported as the reason of the superior activity of AgPd nanoalloys. 109 This ensemble effect originated from a suitable geometric arrangement of Ag next to Pd surface atoms to catalyze the ORR. By creating AgPd alloy surface, the Pd atoms facilitate the initial oxygen binding whereas the Ag helped to desorb the reaction products such as OH − . For PdAg surface, DFT calculations suggest Pd sites to be the most likely spot for oxygen adsorption. 145 Molecular oxygen may bind at the Pd sites, with one oxygen atom onto the Ag site. The ensemble of Pd and Ag on the nanoalloy surface was proposed to lead to complete reduction of dioxygen.
Silver palladium nanoalloys have also been reported in innovative shapes such as hollow rings and triangular prisms. 146, 147 Hollow ring silver palladium nanoalloys were made by galvanic displacement of silver on graphene support. TEM revealed a ring diameter of 27.5 nm with a thickness of 5.5 nm. Alloying of silver and palladium was confirmed by XRD, XPS and HRTEM data analysis. Ag-Pd nanorings were found to be more active towards ORR by RDE and CV tests. The tolerance of Ag-Pd nanorings towards methanol was examined by performing ORR in 0.1 M KOH solutions with increasing concentrations of methanol from 0.5 M to 5 M. No decrease in reduction currents manifested the methanol tolerance of the nanorings. Ag-Pd nanoalloy prisms with superior activity for ORR compared to Pd/C were synthesized by a galvanic displacement of Ag. The nanoalloy prisms had an average edge length of 90 nm. Energy dispersive X-ray spectroscopy (EDX) revealed the uniform distribution of Ag and Pd in the nanoprisms. The XRD peaks of the nanoprisms were located between those of pure Ag and Pd revealing the alloying in the Ag-Pd nanoprisms. RDE tests on the Ag-Pd nanoprisms confirmed their superior activity with reference to commercial Pd/C catalyst. ORR proceeded with an electron exchange number of 3.84, marking the dominance of 4e -transfer pathway. The authors attributed the enhanced activity of Ag-Pd nanoalloy prisms to uniform alloying which yielded synergistic effect, {111} facets with the optimum OH -binding strength and porous features. Ag/Pd triangular nanoplates with different alloy ratios Ag 18 Pd 1 , Ag 18 Pd 1.5 , and Ag 18 Pd 2 , were prepared by galvanic displacement reaction. 148 Mass activity was found in the order Ag 18 Pd 1 >Ag 18 Pd 2 >Ag 18 Pd 1.5 >Pt NPs>Pd NPs. From the Koutecky Levich plots electron exchange number was calculated to be 3.5. Tafel plots were marked with two distinct slopes of -60 mV/dec and -120 mV/dec . The porous Ag/Pd triangular nanoplates were found to be tolerant towards methanol sensitivity. The high activity and stability of these Ag/Pd triangular nanoplates in alkaline media make them a strong candidate for the direct alcohol alkaline fuel cells. Recently 1-Dimensinonal AgPd nanoalloy based AgPd-Pd porous nanotubes have been reported to have higher catalytic activity than commercial Pt/C for ORR even in the non-aqueous environment. 149 AgPd-Pd composite were synthesized by galvanic displacement method. Nanoalloy AgPd layer in these nanoporous composite was identified to be vital for the improved ORR activity of the electrocatalyst. 
Ag-Au Nanoalloys
Like the Ag-Pd system, Ag-Au form solid solutions for all compositions in the bulk systems. 150 The lattice constants of the two constituent metals are very close to each other and both metals form FCC crystal structures. The electronic structures and chemical properties are also similar, resulting in fairly weak interactions between the gold and silver atoms. The mixing of Ag and Au in the bulk is weakly exothermic, and there is believed to be very little surface segregation in bulk Ag-Au alloys. However, core-shell particles have been produced by laser irradiation as well as by chemical deposition of one metal onto a preformed cluster of the second one. [151] [152] [153] [154] Ag-Au bimetallic Janus nanoparticles with enhanced electrocatalytic activity for oxygen reduction were prepared by interfacial galvanic exchange reactions of Ag-C6 nanoparticles with gold(I)-mercaptopropanediol (AuI-MPD) complex. 155 A monolayer of 1-hexanethiolate-passivated silver (AgC6) was deposited onto a glass slide surface by the Langmuir−Blodgett method, which was then immersed into a solution of AuI-MPD complex. Controlled galvanic displacement reactions between the AgC6 nanoparticles and AuI-MPD led to the displacement of part of the Ag atoms on the nanoparticle cores with Au lead to formation of AgAu bimetallic Janus nanoparticles with the capping agents in assymteric distribution ( Figure 8A ). The galvanic displacement was concurrent with the replacement of the original hydrophobic hexanethiolates with the more hydrophilic MPD ligands.
A modified displacement method employing stirring resulted in homogeneously mixed AgAu nanoparticles ( Figure 8B ). From TEM, average core diameter was found to be 5.79 ± 1.02 and 5.36 ± 0.85 nm for the uniformly mixed and Janus particles respectively. Moreover, the nanoparticles exhibited well-defined crystalline lattice fringes with a spacing of 0.235 nm that may be ascribed to the (111) planes of both FCC silver and gold. RRDE voltammaograms were carried in 0.1 M NaOH to investigate the ORR activity of the AgC6, homogeneously mixed and janus AgAu nanoparticles (Figure 8 , C to E). Onset potential for the oxygen reduction reactions moved to positive value of +0.917 V vs. RHE for the Janus AgAu nanoparticles compared to the +0.809 V vs. RHE for the uniformly mixed AgAu nanoparticles. The amount of hydrogen peroxide generated during the oxygen reduction is indicative of the ORR pathway. Percentage of peroxide at ring was higher for the uniformly mixed compared to the janus nanoparticles. Koutecky-Levich data revealed an electron exchange number of 3.15 ± 0.10 for the bulk-exchange, and 3.36 ± 0.03 for the Janus nanoparticles within the potential range of +0.2 to +0.6 V vs. RHE. The RRDE data suggested a 4e -transfer pathway to be dominant for the AgAu janus nanoparticles. Area-specific kinetic current density at +0.68 V vs. RHE was estimated to be 8.75 A/m 2 for the uniformly mixed particles and 40.64 A/m 2 for the Janus nanoparticles. It was observed that the current density of the uniformly mixed nanoparticles was only about 50% higher than that of AgC6 while the activity of the Janus nanoparticles was more than seven times higher. Computational screening of silver skin alloys having a monolayer skin of Ag onto the core of 2nd element was performed to enhance the otherwise weak binding of pure oxygen with Ag. 38 Considering binding energy of oxygen as an indicator of reactivity, a number of Ag/M (M= Au, Cu, Ir, Pd, Pt,Os Ru) skin alloys were analyzed by DFT calculations. A peculiar phenomenon of enhancement of oxygen binding of Ag/Au by the more inert Au core under Ag skin was observed. Importantly the skin of Au on Ag (111) significantly weakened the oxygen binding of the alloy. The full d-band of Ag and Au along with close lattice parameters suggested the absence of d-band factor for this enhancement of oxygen binding. 93 The authors attribute this enhancement of activity to the surface effect. 156 Guided by DFT calculations Ag/Au was synthesized by underpotential deposition (UPD) method. Firstly Pb monolayer was deposited on Au electrode in 1 M KOH solution containing 1 mM Pb(NO 3 ) 2 , and then replaced the Pb monolayer with Ag by rotating the Pb/Au electrode in a AgNO 3 solution (1 mM) for a controlled period of time. RDE measurements in 0.1 M KOH on the Ag skin/ Au Core alloy revealed the superior activity as compared to both pure Ag and Au. The halfway potential (E 1/2 ) value of the Au@Ag electrode was 50 mV more positive than that of the usual Ag electrode. The Tafel plots revealed 2 distinct slope regions i.e. -60 mV/dec at low overpotentials and -120 mV/dec at high overpotentials. The similarity of Tafel plots of Au@Ag alloy with Pt reveals a similar ORR mechanism with the first electron transfer as the rate determining step. [56] [57] [58] An increase in catalytic activity by half an order of magnitude was reported. Ag-Au nanoalloy particles partially capped with 1-Dodecyne were synthesized by chemical reduction of metal salt precursors. 157 The atomic % of Au was varied in these nanoalloy particles from 26.7 to 51.5. In terms of onset potential, electron exchange number and kinetic current density data acquired from RRDE in 0.1 M KOH, AgAu nanoalloy particles with 35.5 at% Au were the most active towards ORR. The particle size of this composition was measured to be 3.68 nm from TEM. XPS of these nanoparticles confirmed the presence of both Ag and Au in metallic state. The surface plasmon resonance SPR of Ag-Au nanoparticles shifted towards longer wavelength (redshift) with increasing Au content. Also presence of a single plasmon peak supports the conjecture of alloying of Ag and Au in Ag-Au nanoparticles. Minimum amount of peroxide was detected at the ring of RRDE. Koutecky Levich analysis of RRDE for Ag-Au nanoalloys revealed an electron exchange number from 3.8-4.0 for the six different compositions. This supports the notion of 4e -pathway for ORR on AgAu nanoalloy particles. Like the janus AgAu nanoparticles, Tafel plots of these nanoalloys were marked with two distinct regions -60 mV/dec at low overpotentials and -120 mV/dec at high overpotentials. Similarity of Tafel plots with Pt and pure Ag suggest a similar ORR mechanism on the AgAu nanoalloys with the first electron transfer as the rate determining step. The specific activity of AgAu nanoalloys at +0.85 V vs. RHE gave a volcano-shaped variation with the maximum with sample 35.5 at% Au, suggesting that the optimal concentration of Au was about 35.5 at% for ORR. The enhanced activity of Ag-Au nanoalloys was related to the improved surface oxygen absorption. Wang et al. have reported an increase of oxygen species on the Ag-Au alloy surface compared to the pure Ag or Au surfaces 158 , and the amount of oxygen species varied with different Ag/Au ratios. Therefore the enhancement of ORR performance of Ag-Au nanoalloys was attributed to the improved surface oxygen affinity by alloying Ag and Au, leading to a positive shift of the onset potential accompanied with low peroxide formation and electron exchange number of ~4.
Ag-TM (M=Co, Ni, Mn) Nanoalloys
The 3d post transition metals (TM) cobalt and nickel which are well-known alloying elements in Ptbased systems, are immiscible with silver in bulk. 159, 160 Theoretical studies of small and large Ag-Co nanoclusters showed that Ag atoms tend to occupy surface sites 161, 162 . DFT studies for Ag-Ni system have validated that Ag atoms tend to occupy surface sites. 163, 164 The surface segregation of Ag in Ag/M (M= Co, Ni) alloys is favored because of lower surface energy of silver E Ag = 1.25 J/m 2 compared to nickel and cobalt, E Ni = 2.38 J/m 2 , E Co = 2.52 J/m 2 . 123 The smaller atomic sizes of Co and Ni compared to Ag also favor the core occupation by these metals in Ag shell. Since the report of ORR on bimetallic Ag-Co nanoparticles by Lima et al., very few Ag-Co nanoalloys for ORR in alkaline media have been reported. 165 The reported Ag-Co bimetallic nanoparticles by Lima had little mixing between the Ag and Co as revealed by the presence of cobalt mainly in the form of Co 3 O 4 with slight formation of Co 2 O 3 by XRD analysis. Also the slight decrease in the lattice parameter of Ag reflected the minimum insertion of Co atoms in Ag. Ag-Co in the form of cobalt islands on top of Ag (111) have been reported to be more active towards ORR compared to the pure Ag. 166 The deposition of Co on Ag involved SLRR (surface layer redox reaction). The 30% Co/Ag(111) was found to be the most active catalyst towards ORR by CV and RDE in 0.1 M KOH. Polyaniline modified binary silver-cobalt catalysts with different Ag x Co y ratios for ORR was synthesized by electrodeposition on Ti. 167 ORR on PANI(15)-Ag 31 Co 69 /Ti occurred with onset potential of 0 V (vs. Ag/AgCl) and a high ORR current density of 1.2 mAcm -2 at -0.12 V (vs. Ag/AgCl). The electrocatalyst was found to be tolerant to methanol and ethanol oxidation and can be employed in direct alcohol fuel cells. Addition of Co to Ag resulting in improved ORR performance has been reported by Zafferoni et al. 168 The activity in of AgCo catalyst was reported to be on the same order of magnitude but with slightly lower values as compared to Pt/Vulcan.
Ag-Co near surface alloy nanoparticles with area specific activity more than five times than pure silver and about half of Pt were designed by the aid of quantum chemical DFT calculations. 103 Reaction Free energy diagram for Pt (111) , Ag (111) and subsurface Ag alloys with transition metals was constructed ( Figure 9A ). The rate limiting step for Ag and its alloys in the working potentials and pH was found to be the first electron transfer for the formation of OOH*. This was different from Pt (111) in which the excess coverage of OH* posed a barrier for the final OH -formation. Guided by DFT calculations an Ag-Co alloy was developed by rapid heating of metallic salts at 500 o C. Subsequent leaching of this binary alloy removed the Co from the alloy surface and the trapped subsurface Co was confirmed by CV and electron energy loss spectroscopy (EELS). RDE test of near surface Ag-Co nanoparticles in 0.1 M NaOH revealed the superior activity of this alloy for ORR compared to Ag and Ag-Co prepared by conventional slow heating process ( Figure 9 , B and C). The superior activity of near surface Ag-Co alloy nanoparticles was ascribed to the ligand phenomenon which involves the perturbation of the surface electronic structure by the subsurface atoms. Moreover the activity of near surface Ag-Co nanoalloy was found to be less sensitive to electrolyte contaminants compared to Pt in alkaline media. The poor stability of Pt/C in alkaline media has been recently reported. 169 AST (Accelerated stability test) performed in 0.1 M NaOH between a potential of 0.1 V and 1.23 V vs. RHE confirmed the instability of Pt/C in alkaline media. A 60% loss of the electrochemical specific area (ECSA) in alkaline media was observed compared to only 20% loss in acidic environment. Very recently Jiang et al. reported a bioinorganic hybrid (BIH) catalyst made from Ag-Co nanoalloy and Hemin supported on GNP (graphene Nano-platelets) for ORR in alkaline media 170 . The BIH was reported to have catalytic activity of more than ten times as compared to pure Ag and almost 80% of that of the state of the art Pt/C measured at 0.8 V vs. RHE.
Bimetallic Ag-Ni nanoalloy particles have been reported by reduction of salts. 171 Ag-Ni particles were synthesized in different atomic ratios. The Ag 3 Ni composition was found to be the most active for ORR in 0.1 M NaOH. Core shell structure was proposed on basis of XRD and HRTEM which was further validated by the cyclic voltammetry. Further heat treatment at 500 o C was found to improve the degree of alloying of the Ag 3 Ni nanoalloy. The heat treated nanoalloy was observed to have a 2.5 times higher activity compared to the Ag/C. Ag-Mn alloy nanowires have been deposited on CNT by electroless deposition method. Absence of elemental Mn in XRD data along with decrease in lattice parameter confirmed alloying of Mn with Ag in nanowires. However the Ag-Mn/CNT had a similar onset potential and lower current density values compared to Ag/CNT nanowires implying no enhancement in the catalytic activity by Mn addition. 
Ag-M(M=Mg, Sn) alloys
The main group metals Mg and Sn are major alloying elements in bulk silver alloy. Alloying of Mg with silver has been reported to improve the ORR activity. 173, 174 Porous electrodes of Ag-Mg alloys in atomic ratios of 1:1, 1:3 and 3:1 were synthesized. Alloy with Ag:Mg ratio of 3:1 showed the highest current density i.e. 240 mA at an overpotential of 300 mV. Nanoporous Ag-Sn film has been recently reported as being active for both ORR and oxygen evolution reaction (OER). 175 The nanoporous structure was developed by the anodization of Ag-Sn alloy deposited onto a Cu film ( Figure 10A ). The Associated scanning electron microscope (SEM), TEM and elemental mapping is shown (Figure 10 , B-D). Nanoporous Ag-Sn film was evaluated for bifunctional activity without carbon support. CV analysis revealed the superior activity of nanoporous Ag-Sn film compared to both compact Ag-Sn alloy and SnO 2 . A four electron pathway was found to be dominant for ORR in 0.1 M NaOH. Ag 4 Sn intermetallic nanoparticles supported on carbon were developed by ultrasonic assisted solution phase co-reduction method. 176 The Ag 4 Sn particles had an average particle size of 5 nm. XPS analysis supported the formation of Ag 4 Sn intermetallic with presence of surface SnO/SnO 2 . RDE test showed a more positive onset potential for Ag 4 Sn/C compared to Ag/C along with a much higher mass activity. The electron transfer number was close to 4 for both Ag 4 Sn/C and Ag/C suggesting a dominant 4 electron transfer pathway. The authors attributed the enhanced ORR activity to the synergistic effect of Ag and Sn. Initially oxygen is chemisorbed at the SnO x site followed by reduction at the Ag site. Moreover the Ag 4 Sn/C intermetallic nanoparticles showed good methanol tolerance indicating possibility of use in direct methanol alkaline fuel cells. Similar synergistic effect has also been reported for the Ag nanocrystals deposited onto pre synthesized Cu nanowires. 177 Ag nanocrystals with an average size of 10.6 nm were deposited onto octopus tentacle shaped Cu nanowires. The resulting bimetallic structure was observed to have better ORR behavior in terms of onset potential and mass activity compared to standalone Cu nanowires or Ag nanocrystals. 
Silver based multi-metallic catalysts
Multimetallic compositions in case of Pt alloys have been identified by first principle calculations to modulate the binding energy of OH on the alloy surface. 41, 42 According to the Sabatier volcano of oxygen reduction electrocatalysts, a decrease in binding energy of OH on Pt(111) by nearly 0.1 eV will maximize the catalytic activity. 102 This computational notion has been validated in case of ternary alloys of Pt where better stability along with improved catalytic activity has been achieved. 178 DFT calculations have also identified candidate Ag ternary alloy compositions for ORR. Oxygen reduction activity of core shell Ag/CuPd nanoparticles was evaluated by a combination of computational and experimental method. 179 The binding energy of oxygen E O was used as a guideline in computational analysis. By varying shell thickness and composition, the strain in the surface of Ag/CuPd nanoparticles was varied which was used for tuning of oxygen binding energy E O ( Figure 11A ). Three Ag/Cu x Pd y Nanoparticle models were constructed with x/y = 2/7, 1/2, and 2/1, with the same core diameter of 3.2 nm (16 atomic layers) and shell thickness of 0.8 nm (4 atomic layers) ( Figure 11B ). The compressive strain on the NPs surface increases with the Cu concentration in the alloy ( Figure 11C ). From composition and strain distributions the binding energy of oxygen was measured for each model as shown by dashed boxes ( Figure 11A ). The ORR activity of Ag/Cu x Pd y NPs was categorized as Ag/CuPd 2 > Ag/Cu 2 Pd 7 > Ag/Cu 2 Pd. The effect of varying shell thickness on ORR of Ag/CuPd 2 NPs was also investigated. Three shell thicknesses of 0.4, 0.8, and 1.2 nm were used to measure surface strain distributions in these NPs (Figure 11, D and E) . The compressive strain in the shell was observed to increase with the shell thickness by DFT calculations. The Ag/CuPd 2 NPs with 0.8 and 1.2 nm shell thicknesses had strain distributions which were similar and better than 0.4 nm shell for the ORR. Figure  12C ). The durability of the Ag/CuPd NPs and Pt was evaluated at −0.30 V (a potential located at the mixed kinetic region) by a 48000s i−t test ( Figure 12D ). The Ag/CuPd catalyst revealed 77.6% retention of current density compared to 62.9% retention of the Pt catalyst, demonstrating the long term stability of Ag/CuPd over Pt. Palladium silver nickel Pd 2 NiAg nanocrystals having a fivefold twinned structure and activity better than the 20% Pt/C have also been reported 180 . The high activity of these 15 nm size nanocrystals was attributed to the modification of surface by the Ni atoms. This lead to an optimum binding strength of oxygen intermediates for the Pd 2 NiAg nanocrystals confirmed by DFT calculations. The stability of fivefold twinned Pd 2 NiAg nanocatalyst was superior to 20% Pt/C in alkaline media. Twinned nanoparticles AgPd@Pt with catalytic activity at par with the commercial Pt/C catalysts have been previously reported. 181 Presence of Ag in the core of these multimetallic core-shell nanoparticles was identified as vital for the development of twinned structure. On the other hand Pd presence in the core along with Ag reduced the tensile strain effect of Ag on surface Pt. This atomistic arrangement of atoms of multiple twinned AgPd core Pt shell nanoparticles provided the optimum binding for ORR intermediates. A summary of electrocatalytic properties of some silver nanoalloys along with corresponding values of commercial 20% Pt/C, Ag bulk, Ag nanoparticles and highly active Ag based composites are mentioned in Table 2 . Of all the silver nanoalloy systems, Ag-Pd nanoalloys have been reported to have the highest amount of catalytic activity in the potential window of 0.8-0.9 V vs. RHE. This coupled with their wellestablished methanol/ethanol tolerance, makes them a prime candidate for direct alcohol fuel cell applications where fuel cross over is an important design consideration. Moreover some of the Ag-Pd systems have mass and specific activity values superior to the commercial 20% Pt/C. 142, 144 This combination of activity and stability in the practical potential and environmental conditions makes them a realistic option for replacement of more costly and less stable Pt in alkaline electrolytes. Ag-Au system has been reported with reasonable onset potential and half wave potential than the constituent pure metals but the mass activity & specific activity of these nanoalloys have yet to be compared with commercial 20% Pt/C in the potential window of interest. Ag-Co nanoalloys have recently gained much interest because of 5-10 times superior activity compared to pure Ag in alkaline media. 103, 170 Near surface Ag-Co alloy has been observed to have area specific activity almost half of commercial 20% Pt/C with high stability and less sensitivity to electrolyte contaminants. 103 Incorporation of Ag-Co nanoalloy in BIH has further enhanced the activity of the hybrid catalyst to almost 80% of commercial Pt/C. 170 Ag-Cu nanoalloy catalysts deposited onto Ni-foam have attained attention recently for Zn-air rechargeable batteries because of their bifunctional working as both ORR and OER catalyst. 130 Their superior activity compared to pure Ag (more than 2.5 times) along with carbon dioxide tolerance makes them an attractive choice for Zn air batteries. 134 The successful deposition of Ag-Cu nanoalloys onto nickel foams has been reported by PLD as well as chemical synthesis routes. This has aided in the development of carbon free supports which are not prone to corrosion and degradation at highly oxidative potentials. 
Challenges and future outlook.
Understanding the activity origin of silver nanoalloy is still a bottleneck for the realization of highly efficient electrocatalytic ORR in alkaline fuel cells and metal-air batteries. Continuous improvement of catalytic activity and stability of silver nanoalloys will be crucial to make the commercialization of these systems economically viable.
(1) The ORR mechanism on the surface of the nanoalloy still remains elusive. The understanding of the effect of compositional and structural variations of nanoalloy on the ORR process is crucial for the design of highly active electrocatalysts. First principle simulations along with in situ impedance spectroscopy will play an important role in the comprehension of ORR mechanism. DFT based free energy diagrams have identified the rate limiting step during ORR on a catalyst surface. 103, 125 Depending upon the formulation of the nanoalloy electrocatalyst; ligand, geometric and ensemble effect regulate the ORR activity of the catalyst. A holistic approach incorporating first principle simulations & experimental techniques is pivotal for the identification of the dominant effect of the three.
(2) The identification of the catalytically active sites during ORR on the surface of electrocatalyst is a key design consideration. Very recently Coordination-Activity plots concept has been reported for oxygen reduction in Pt based system. The active sites for ORR were found to be related to the geometric structure of the catalyst. Catalyst sites with the same number of (111) terraces but a higher number of second nearest neighbors were found to be most active towards ORR. 183 Depending upon the system, active sites for ORR can vary. For realization of highly active electrocatalyst systems it will be necessary to maximize the number of these catalytically active sites on the surface.
(3) Morphology is another important factor affecting the ORR activity. 1 dimensional nanorods and nanoporous system have been reported with high activity for ORR in alkaline media. Especially for the Ag based systems in which the weak adsorption of the ORR intermediates is the reason for low activity, these high surface energy sites increase the adsorption of intermediated resulting in faster ORR kinetics. The core shell morphology is of great prospect in this regards for both the binary and ternary silver nanoalloys. The adsorption strength of oxygen ORR intermediates on the shell surface can be tuned by the underlying core. In case of bi-metallic shell A-B, O=O bond scission can take place at an A-site followed by electro-reduction at site B on the shell (4) Composites/ Hybrids based on silver nanoalloys hold the possibility of superior catalytic activity and stability compared to commercial Pt/C. This has been true in case of AgMn 3 O 4 /C where covalent interactions because of proximity of Ag-Mn 3 O 4 lead to improved catalytic activity. 115 In the case of manganese oxide and tungsten carbide composites with Ag, catalytic activity equal to commercial Pt/C has been reported. 73, 98, 116 Apart from high activity compared to Pt/C, these composites can offer superior alcohol tolerance which will be of great significance for the direct alcohol fuel cells. Silver nanoalloy composites with metal oxide (Mn x O y , Co 3 O 4 ) can offer bifunctional ORR and OER catalytic activity, where Ag nanoalloy dominates in ORR while the metal oxide plays the pivotal role for OER. These silver nanoalloy composites can be employed in rechargeable metal-air batteries where bifunctional catalyst activity is of utmost significance. The use of bifunctional electrocatalyst would aid in reducing the charge-discharge overpotential thereby increasing the efficiency of the rechargeable battery.
(5) The ORR process takes place at the heart of the cathode where three phase boundary is present. Good access of oxygen from air, ions from the electrolyte and electrons from the support is pivotal for the smooth and stable ORR kinetics. Binder free and carbon free deposition of electrocatalysts onto porous cathodic structures like nickel foam will become more popular for bifunctional catalysts because of larger availability of three phase boundary regions along with higher stability during charge/discharge cycle. 175 A catalyst with high activity would perform poorly in the battery if sufficient three phase regions are not provided in cathode structure. So, apart from highly active cathode catalyst, a good structural design of cathode is also an important design consideration.
